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Plasmonic excitations such as surface-plasmon-polaritons (SPPs) and graphene-plasmons (GPs),
carry large momenta and are thus able to confine electromagnetic fields to small dimensions. This
property makes them ideal platforms for subwavelength optical control and manipulation at the
nanoscale. The momenta of these plasmons are even further increased if a scheme of metal-insulator-
metal and graphene-insulator-metal are used for SPPs and GPs, respectively. However, with such
large momenta, their far-field excitation becomes challenging. In this work, we consider hybrids of
graphene and metallic nanostructures and study the physical mechanisms behind the interaction of
far-field light with the supported high momenta plasmon modes. While there are some similarities
in the properties of GPs and SPPs, since both are of the plasmon-polariton type, their physical
properties are also distinctly different. For GPs we find two different physical mechanism related
to either GPs confined to isolated cavities, or large area collective grating couplers. Strikingly,
we find that although the two systems are conceptually different, under specific conditions they
can behave similarly. By applying the same study to SPPs, we find a different physical behavior,
which fundamentally stems from the different dispersion relations of SPPs as compared to GPs.
Furthermore, these hybrids produce large field enhancements that can also be electrically tuned and
modulated making them the ideal candidates for a variety of plasmonic devices.
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2Plasmons-polaritons are near-field evanescent modes, corresponding to the coupling of electromagnetic fields with
collective oscillation of charge carriers [1, 2]. These polaritons play a crucial role in nanophotonics due to their
inherent ability to confine light at the nanoscale, owing to their capability to carry large momentum that is much
higher than that of free-space photons. The two most widely used plasmons-polaritons in that aspect, are GPs for
the mid-infrared (MIR) to Terahertz (THz) spectra, and SPPs for the visible (VIS) to near-infrared (NIR) spectra.
These can carry extremely large momentum especially in the configuration of Metal-Insulator-Graphene (MIG) for
GPs [2–6] and Metal-Insulator-Metal (MIM) for SPPs [7–15].
The possibility of confining and manipulating MIR\THz electromagnetic fields at nanoscopic scales can lead to a
variety of novel applications in photodetecting and sensing, especially for infrared molecular spectroscopy [16–18].
From a technological perspective, it is crucial to sharply enhance and confine the electromagnetic field to increase the
interaction between incident light and molecules, which leads to an increase in the vibrational absorption signals. The
manipulation of fields at nanoscopic scales can also be used to reduce the footprint of MIR and THz devices [19, 20].
SPPs and localized-surface-plasmons (LSPs) in metallic nanoparticles and metallic gratings can squeeze light well
below its diffraction limit, in the VIS\NIR [11, 13, 14, 21]. However, these have weak confinement in the MIR\THz
frequency range and limited tunability [22]. Thus, a promising approach to overcome these limitations and achieve
unprecedented level of nanoscale manipulation is the use of GPs. These exhibit high degree of confinement of the
free-space wavelength, which is several orders of magnitude smaller in the frequency range of interest [2, 23–28].
The dispersion relation (DR) of both SPPs and GPs exhibit momenta that is larger than that of the free-space
photon, namely the light-line [2]. However, the DR of SPPs lies quite close to the light-line, and thus disperse very
little compared to GPs, which show considerable dispersion in all of the frequency-momentum phase-space [2]. Both
MIM and MIG configurations, involving a thin insulating layer, can hold a vertically confined mode with even larger
momentum [2]. However, the increase in the momentum of the MIM mode in accompanied with large losses. This
is not the case for the MIG mode, since the metal contribution to losses in this system is minimal [3], even though
its momentum is much larger than that of the MIM case. At such high momentum, the MIG DR becomes linear and
the mode is thus referred to as an acoustic graphene plasmon (AGP)[3, 5, 29].
Owing to the large momenta carried by these modes, and the fact that they are near-field evanescent modes, most
experimental approaches, especially in the case of GPs, rely on near-field excitation of these plasmons [3, 30–35].
However, it is extremely important to understand their interaction with far-field light in order to enable the broad
usage of these high momentum modes for light-matter interaction and nanophotonics applications. It is in this context,
and motivated by recent experiments where highly confined AGPs are excited from the far-field with either periodic
metallic rods [5, 36] or randomly dispersed nanocubes [37], we study the physical coupling mechanisms behind the
two approaches. We explore the tunability of different resonator architectures, consisting of a single graphene layer, a
spacer, and a silver nanostructure. We address the differences and similarities between AGPs excited by an isolated
metallic structure and a periodical one, in both 2D and 3D configurations. We show that the electric and magnetic
fields can be enhanced and manipulated differently for these various dimensions. In addition, and in the context of
bridging the gap between the communities working in noble-metal plasmonics and in graphene plasmonics, we present
a comparison between similar structures involving either the hybrid AGP structures on one side (MIG), and metallic
films coupled to metallic nanoparticles (MIM). Finally, we show that for the case of AGPs excited with metallic
nanocubes, one obtains sizeable dipolar magnetic resonances. These can be continuously tuned throughout the MIR
spectrum by varying the graphene Fermi-level and the device geometry.
Our basic building block consists of a monolayer graphene on top a bulk substrate S with permittivity εS , separated
from a metallic nanostructure by a thin dielectric spacer, of thickness d and permittivity εd (Fig. 1). A metallic
nanoparticle on top of a graphene layer can be seen as a coupled plasmonic structure where the thickness of the
dielectric layer controls the plasmonic coupling [13, 38]. We explore AGP confinement and electromagnetic field
enhancement in four different types of designs of silver nanostructures, with different dimensionalities: An isolated
cube of width W , which is a zero-dimensional plasmonic structure, an isolated rod with square cross-section of width
W , which is a one-dimensional plasmonic structure, and periodic structures of rods and cubes with period L, which
are 1D and 2D plasmonic crystals respectively. For this purpose, we perform full-wave finite element frequency domain
simulations [39]. For simplicity, graphene is simulated as a single layer with optical conductivity at room temperature
that is given by a Drude like expression σg(ω) = 4σ0EF /(pi(~γ−i~ω)) [2], where σ0 = e2/2~, EF is the Fermi energy, γ
is the relaxation rate and ω is the frequency of the incident light. This approximation is known to provide qualitative
agreement with the experiments. Quantitative agreement requires the use of graphene’s nonlocal conductivity, which
become especially important at small graphene doping and short graphene-metallic structure distances. If these two
conditions are met, the position of the resonances is shifted relatively to that computed using the local approach, and
the mode volume saturates [40].
The frequency-dependent relative permittivities of Ag are taken from experimental data [41]. We consider p-
3polarized plane-wave impinging on the hybrid system and restrict our discussions to the normal incidence ( ~Hi = Hiyˆ
and ~Ei = −Eixˆ). For the lattices, we study a periodic structure where we calculate the absorption A, transmission
T and reflection R of the system, while in the case of isolated silver nanostructures we consider a finite system with
perfect matched layers (PML) and calculate the extinction cross-section.
FIG. 1. (a) Extinction cross section spectra of an AGP resonator architecture consisting of a substrate S, a single graphene
layer, a spacer d and a silver rod with lateral cross-section W=75 nm as shown in the inset. (b)-(c) Electric field distributions
showing the real component of Ez(~r)/Ei for the first and second modes respectively of the spectra in (a). (d) Absorption
spectra of an architecture consisting of a substrate a single graphene layer, a spacer and periodic structure of silver rod with
period L as shown in the inset. (e)-(f) Electric field distributions showing the real component of Ez(~r)/Ei for the third and
fourth modes respectively of the spectra in (d). The colors represent the spatial distributions (in plane xz) of the electric field
component Ez(~r) for EF=0.4 eV normalized by the intensity of incident fields Ei.
Fig.1a illustrates the typical resonance spectra for an isolated rod, where we show the resonance of the first mode
and several subsequent higher order resonances. Fig.1b and c show the real part of Ez(~r) (<Ez(~r)) in the vicinity of
the rod for the first and the third modes, respectively, where it can be seen that the field is highly confined in the
insulating layer. Laterally, the AGPs propagate back and forth between the edges of the rod, generating a Fabry-Perot
resonator. These confined AGP modes have wavelengths λAGP given by λAGP = 2w/n where n is the mode number.
Fig.1d illustrates the typical resonance spectra for the periodic grating, where we show the resonance of the first
mode and several subsequent resonances for two different values of L and the same lateral cross-section W . We
first notice that the spectra is strongly dependent on L. The field profile of the first modes under the metallic
nanostructures are very similar for both isolated and periodic systems, even though the systems are conceptually
different. This is because of the creation of a AGP Fabry-Perot resonator under the rod. However, this is not valid
for the outside region. In the periodic system, there are also GPs propagating back and forth in the region between
rods (with size L−W ), forming another resonator with wavelength λGP . By inspecting Fig. 1e and f, one can notice
4that in the limit of large periods where L ≥ 2W , the resonances of the system are a consequence of the coupling of
these modes, highlighted by the wavelengths λGP and λAGP . In particular, if L−W =W , as in the case of L = 150
nm, the two standing waves always belong to the same group of harmonics and we observe that the absorption peaks
decrease monotonically with frequency. In the more general case, the resonances are a complex combination of coupled
Fabry-Perot AGP and GP modes and there are variations in the height of the absorption peaks [37].
FIG. 2. (a) Band structure of propagating AGPs for a system of periodic rods with square cross-section of lateral size W = 75
nm. The solid lines represent the first band while the dashed lines represent the second band for increasing values of EF
represented by an increase of the luminosity of the lines. (b) Schematic representation of the mechanism for the formation of a
plasmonic band where there is an effective hopping between orbitals formed by the different modes of the AGP underneath the
periodic metallic nanostructures. (c) Absorption as function of the wave number ν˜ for the same Fermi energy EF of panel (a),
showing that the absorption spectra correspond to states at the edge of the band. (d) Absorption as function of spacer height
d (2 nm≤ d ≤6.5 nm) where increasing values of d correspond to curves with increasing luminosity. The insets in (c) and (d)
show the amplitude of the resonant absorptions AR (right) and their wave-number ν˜R in function of the increasing value of the
parameter.
To highlight these differences, we further explore the periodic system by calculating its eigenfrequencies as a
function of the momentum. For simplicity, from now on we shall focus on systems with W = 75 and L = 150 nm
where L−W =W . Fig. 2a show a band structure for the periodic rods where their bandwidth increases for increasing
values of EF . We can thus conclude that although isolated and periodic nanorods have similar field enhancement
of the first order mode, they are essentially different plasmonic devices. Isolated rods give rise to localized strong
electromagnetic fields only under the metallic structure.
This behavior can be understood in an intuitive picture as follows: depending on the dimensionality of the metallic
nanoparticles, the MIG structure can be seen as a quantum dot or quantum well and, in analogy with electronic
waves, effective orbitals give rise to localized strong electromagnetic fields under the isolated metallic structure, while
periodical structures give rise to propagating plasmons with highly modulated electromagnetic fields. When organized
in a periodical lattice of the order of hundreds of nanometers, the “effective electromagnetic orbitals” (coupled dipoles
5or quadrupoles) form bands of propagating AGPs, similarly to Bloch bands originated from localized orbitals in
solids [42]. Different from electrons in solids however, the bandwidths can be controlled by gating, as GPs can be
tuned with EF , changing its optical conductivity σg(ω). The hopping between orbitals, as illustrated in the sketch of
Fig.2b, is mediated by the standing-waves of GPs and consequently depends on EF which thus can be used to modify
the bandwidth.
As expected for AGPs, the resonances wavenumbers ν˜R scale with
√
EF , as can be seen in Fig. 2c, and the values of
ν˜R are compatible with the wavenumbers of the edges of the bands of Fig. 2a. In the range of interest, the absorption
also increases linearly with
√
EF and the peaks become sharper, indicating that high doping regimes are better suited
to maximize the AGPs resonances and the absorption efficiency, which is important for technological applications.
Experimentally, it is possible to provide a vast degree of control over the light-AGP interaction. Besides the use
of gating, the spectral range and absorption efficiency of the AGP resonances can be further tuned by varying the
distance d between the graphene and metal, the spacer εd and substrate εS permittivities. The characteristics of
the metallic nanostructure, such as the periodicity L and the lateral size of the rods W [5] can also tune the AGP
resonances (see Sup. Inf.). The separation between graphene and the rods has a strong influence on the confinement of
the field [5], translated in the height of the resonance peaks in Fig. 2c, that decrease linearly with d−1 (see inset). Still,
d can also be used to tune the resonance frequency without compromising the absorption efficiency. By decreasing
the values of d in the range of 2-10 nm, the resonances are red-shifted, as in the case of nanocubes on top of silver
substrates [13].
We now turn to the comparison between the above obtained results for AGPs, with the same analysis for SPPs on
similar structures. To compare both systems, we consider the electric field enhancement at ~r0, located at the edge
of the rod, inside the spacer. Fig. 3a shows the AGP resonances for increasing values of L. One can see that the
resonance frequency of MIG structures is widely tuned simply by varying the period of the structure and it scales with
L−1. In contrast, the substantial field enhancement is weakly dependent on the period, slightly reduced for increasing
values of L. This is accompanied by a L−1 dependency of the absorption, which is proporcional to the density of
rods per unit length (see Sup. Inf.). These characteristics are in sharp contrast with the equivalent hybrids of MIM
SPP systems (see Fig. 3d), where there is little variation of ν˜R with L, a consequence of the small dispersion of SPP
modes in MIM devices. However, contrary to what is observed for MIG SPP systems, the field enhancement of MIM
devices is strongly dependent of L. The resonances become sharper for large L, leading to robust field enhancements
that begin to saturate around L = 600 nm (see Fig. 3e). This dependence with L is similar to what is observed in
plasmons in 1D and 2D arrays of metallic nanoparticles, where the resonance results from the interplay between the
excitation of localized plasmons on the particles and the diffraction by the periodicity of the lattice [43]. The width
of the resonances also show that the cavities’ quality factor has opposite dependency with L for MIG and MIM SPP
systems. While MIG resonators have best quality factors for small L, the quality factor improves with L for MIM
resonators, as observed in collective resonances of metallic particles [43].
Figure 3b and c show the typical distribution of the electrical and magnetic fields of the AGP resonance in the
vicinity of a single rod in a MIG structure, while panels Figure 3e and f provide the same distributions for MIM
device. Both systems have similar electric field distribution ~E(~r) extremely confined to the spacer with a dipole like
structure in Ez(~r). However, they have different magnetic field distributions. The 2D character of graphene plays
an important role in the magnetic field distribution. The two systems have displacement currents in the xz plane,
generating the magnetic field inside the rod. But they run in opposite directions. While one enhances the incident
field, the other suppresses it.
Many characteristics of plasmonic resonances in nanocubes are similar to those in rods [44]. However, the geometry
of the nanostructure has strong influence in the confinement of the electromagnetic field. Fig. 3b shows that the electric
field is strongly localized at the edges of the rods. However, because they are infinite in y, the field is delocalized in
one dimension, forming lines of highly localized electric field. In this sense, rods can be seen as plasmonic waveguides.
On the other hand, in a cube (a zero-dimensional system), the electric field is constraint in all three dimensions.
Consequently, there are important differences in the field distributions of the two setups, having a strong influence
in the magnetic field distribution. Furthermore, the dimensionality of the periodic structure should also have an
influence on the resonance dependence with the size of the unit cell L.
To begin exploring the characteristics of the AGP resonance in nanocubes, let us first consider a periodic structure
of nanocubes with W = 75 nm and L = 2W . Similar to the case of rods, the field enhancement | ~E(~r)|/Ei underneath
a cube is also of the order of 150. To illustrate the enhancement, we calculate | ~E(~r0)|/Ei where (~r0) is located in the
spacer underneath a corner of cube, at a distance of 2 nm from graphene. Figure 4a presents | ~E(~r0)|/Ei for increasing
values of EF . The resonance frequency still scales linearly with
√
EF while the magnitude of the field saturates in
the high doping regime.
6800 1000 1200
(cm 1)
0
25
50
75
100
125
|E
(r
0
)|
/E
i
10000 11000 12000 13000
(cm 1)
0
25
50
75
100
125
|E
(r
0
)|
/E
i
L=150.0nm
L=200.0nm
L=250.0nm
L=300.0nm
L=350.0nm
L=400.0nm
L=450.0nm
L=500.0nm
L=550.0nm
L=600.0nm
L=650.0nm
L=700.0nm
(d)(a)
Gr Ag
2.5 5.0
L 1 ( m 1)
8
10
R
(1
02
cm
1
)
(b) (c) (e) (f)
FIG. 3. (a) Electric field enhancement | ~E(~r0)|/Ei of the main resonance mode at ~r0, located at the edge of the rod, inside
the spacer for the MIG setup and increasing values of the period L, W=75 nm and EF=0.5 eV. The inset shows a linear
dependence of the resonance wavenumber ν˜ in function of L. (b) Electric field distribution | ~E(~r)|/Ei and (c) Magnetic field
distribution | ~H(~r)|/Hi for the resonance in (a) with L = 150 nm. The streamlines in panel (c) illustrate the ~E(~r) in plane xy.
Panels (d)-(f) present an equivalent analysis for the MIM setup.
Different from the case of rods, where ν˜R ∝ 1/L, for periodic cubes, the main peaks have minimal variation with
L for the values considered here (although high modes are sensitive to changes in the period). For the isolated cube,
the field enhancement is similar to the periodic system. This can be inspected in Fig.4a where the dashed line shows
| ~E(~r)|/Ei for a single cube in the same location of the periodic systems.
Let us now proceed to discuss the field distribution of the nanocubes. Similar to the rods, the field distributions of
metallic nanocubes for the main resonance mode are qualitatively the same for a lattice for L ≥ 2W and for isolated
cubes. For convenience, we present the results for a periodic system. To analyze the difference between the field
distributions of the rod and the cube, let us first focus on the xy plane at a distance of 2 nm from graphene. Panel
4d shows | ~E(~r)|/Ei for two different cuts of the density plots shown in panel 4b. The functional form of |E(x)| is
very similar to the rod but the purple curve indicates that the electric field also localizes in y and its maximum is
located at the two edges x = ±W/2 of the cube for y = W/2. Similarly to what was seen in Figure 1b, Ez(~r) has
opposite signs for x = ±W/2. This resonance mode can also be understood as a waveguide mode like the ones for the
rods, where the electric field distribution of the cavity mode satisfies the half-wavelength criteria. It is consistent with
this interpretation which explains the resonance’s frequency variation with the size of the cube following the simple
formula λ−1R ∝ W−1. This linear dispersion relation is expected for AGPs [37]: for increasing nanocube sizes, the
length of the cavity increases and supports a resonance at a longer wavelength.
The main differences between the localized electromagnetic field in the vicinity of rods and cubes can be seen by
analyzing the magnetic field distribution. Qualitatively, the distribution of Hy(~r) in the cube is similar to the one of
the rod. However, it has some important differences when compared with the one of Fig. 3f: The intensity of the
magnetic field has a much more pronounced variation inside the cube. This variation is confined to a small semi-oval
region located in the lower part of the cube and spacer (see Fig. 4g), giving rise to a magnetic nano-resonator.
Hz(~r) has a sizeable magnetic dipole contribution, seen in the density plot of Fig. 4f. In the same panel, the
streamline represents the in-plane contribution of the magnetic field, which is typical of a magnetic dipole. The values
of Hx(~r), Hy(~r) and Hz(~r) in the xy−plane at a distance of 2 nm from graphene are presented in Fig. 4e for three
7FIG. 4. (a) Magnitude of the electric field | ~E(~r0)| under a corner of the cube as a function of ν˜ for increasing values of EF ,
represented by an increase of the luminosity in the different curves. The dashed line represents | ~E(~r)| for an isolated cube.
(b) and (c) density plot of | ~E(~r)| and |Hy(~r)| respectively. (d) | ~E(~r)| in function of ~r for the two paths indicated in (b). (e)
presents the real values of the three components of the magnetic field for the three paths indicated in (c) and (f), that presents
the density plot of <Hz(~r) while (g) shows the density plot of <Hz(~r) in the plane yz while The streamlines in (f) represent
the in-plane components of ~H(~r) in the xy plane while the streamlines in (g) represent the in-plane components of ~H(~r) in
the yz plane. The intensities of the electric and magnetic fields are normalized by the intensity of incident fields Ei and Hi
respectively.
different cuts of the density plots shown in panels c and f where it is clear that the minimum of the magnetic field
occurs at the center of the cube and the x and z components have the same magnitude. Differently from the electric
field, which is concentrated underneath the cube, Hx(~r) and Hz(~r) have large values in the laterals of the cube, as
shown in Fig. 4g. Still, the streamlines in Fig. 4g, presenting the yz−components of ~H(~r), show that the magnetic
dipole resonator is located at the lower part of the cube, exactly at the border of the dielectric spacer.
Magnetic dipole nano-resonators are essential building blocks for the design of metamaterials with on-demands
electric and magnetic response. For nano-resonators based on metallic surfaces, the plasmon wavelength is determined
by the size of the nanostructures and characteristics of the setup. However, MIG devices allow an in-situ variation of
the resonance frequency by gate voltage. The results above show that it is possible to modify the characteristics of
the magnetic nano-resonators by a gate, which can be a form of controlling the electric and magnetic response of the
metamaterial electrically.
In conclusion, we have shown that different metallic nanostructures graphene hybrids can localize AGPs leading to
high field confinement and enhancement in various dimensions that can be tuned by gating. These characteristics,
together with the strong field gradients, are ideal not only for sensing but also for nano-optical manipulation of small
particles through confining potentials and optical forces [45]. Our results indicate that hybrids with periodically
assembled nanostructures generate plasmonic crystals with gate-tuned band structures. The propagating AGPs give
rise to a strong periodically modulated field enhancement that could be used as a versatile plasmon modulator. Fur-
thermore, dispersed metallic nanocubes on top of graphene work as electrically controlled dipole magnetic resonators
that could be used as building blocks for novel and highly tunable metamaterials.
N.M.R.P. and F.H.L.K. acknowledge support from the European Commission through the project “Graphene-Driven
Revolutions in ICT and Beyond” (Ref. No. 881603, CORE 3). N.M.R.P. and T.G.R. acknowledge COMPETE 2020,
PORTUGAL 2020, FEDER and the Portuguese Foundation for Science and Technology (FCT) through project POCI-
01- 0145-FEDER-028114. F.H.L.K. acknowledges financial support from the Government of Catalonia trough the SGR
grant, and from the Spanish Ministry of Economy and Competitiveness, through the “Severo Ochoa” Programme for
Centres of Excellence in RD (SEV-2015- 0522), support by Fundacio Cellex Barcelona, Generalitat de Catalunya
through the CERCA program, and the Mineco grants Ramón y Cajal (RYC-2012-12281, Plan Nacional (FIS2013-
47161-P and FIS2014-59639- JIN) and the Agency for Management of University and Research Grants (AGAUR)
82017 SGR 1656. This work was supported by the ERC TOPONANOP under grant agreement n 726001 and the
MINECO Plan Nacional Grant 2D-NANOTOP under reference no FIS2016-81044-P.
AUTHORS’ CONTRIBUTION
T. G. R. and I. E contributed equally to this work.
[1] S. A. Maier, Plasmonics: Fundamentals and Applications (Springer US, 2007).
[2] P. A. Gonçalves and N. M. Peres, An Introduction to Graphene Plasmonics (2016) pp. 1–431, arXiv:1609.04450.
[3] P. Alonso-González, A. Y. Nikitin, Y. Gao, A. Woessner, M. B. Lundeberg, A. Principi, N. Forcellini, W. Yan, S. Vélez,
A. J. Huber, K. Watanabe, T. Taniguchi, F. Casanova, L. E. Hueso, M. Polini, J. Hone, F. H. Koppens, and R. Hillenbrand,
Nature Nanotechnology 12, 31 (2017), arXiv:1601.05753.
[4] M. B. Lundeberg, Y. Gao, R. Asgari, C. Tan, B. V. Duppen, M. Autore, P. Alonso-González, A. Woessner, K. Watanabe,
T. Taniguchi, R. Hillenbrand, J. Hone, M. Polini, and F. H. Koppens, Science 357, 187 (2017), arXiv:1704.05518.
[5] D. A. Iranzo, S. Nanot, E. J. Dias, I. Epstein, C. Peng, D. K. Efetov, M. B. Lundeberg, R. Parret, J. Osmond, J. Y. Hong,
J. Kong, D. R. Englund, N. M. Peres, and F. H. Koppens, Science 360, 291 (2018), arXiv:1804.01061.
[6] P. A. D. Gonçalves, Plasmonics and Light–Matter Interactions in Two-Dimensional Materials and in Metal Nanostructures
(Springer International Publishing, 2020).
[7] S. I. Bozhevolnyi, V. S. Volkov, E. Devaux, and T. W. Ebbesen, Physical Review Letters 95 (2005), 10.1103/phys-
revlett.95.046802.
[8] H. T. Miyazaki and Y. Kurokawa, Physical Review Letters 96 (2006), 10.1103/physrevlett.96.097401.
[9] R. F. Oulton, V. J. Sorger, D. A. Genov, D. F. P. Pile, and X. Zhang, Nature Photonics 2, 496 (2008).
[10] N. C. Lindquist, P. Nagpal, K. M. McPeak, D. J. Norris, and S.-H. Oh, Reports on Progress in Physics 75, 036501 (2012).
[11] A. Moreau, C. Ciracì, J. J. Mock, D. R. Smith, R. T. Hill, A. Chilkoti, Q. Wang, and B. J. Wiley, Nature 492, 86 (2012).
[12] X. Chen, H.-R. Park, M. Pelton, X. Piao, N. C. Lindquist, H. Im, Y. J. Kim, J. S. Ahn, K. J. Ahn, N. Park, D.-S. Kim,
and S.-H. Oh, Nature Communications 4 (2013), 10.1038/ncomms3361.
[13] J. B. Lassiter, F. McGuire, J. J. Mock, C. Ciracì, R. T. Hill, B. J. Wiley, A. Chilkoti, and D. R. Smith, Nano Letters 13,
5866 (2013).
[14] J. B. Lassiter, X. Chen, X. Liu, C. Ciracì, T. B. Hoang, S. Larouche, S.-H. Oh, M. H. Mikkelsen, and D. R. Smith, ACS
Photonics 1, 1212 (2014).
[15] A. Toma, S. Tuccio, M. Prato, F. D. Donato, A. Perucchi, P. D. Pietro, S. Marras, C. Liberale, R. P. Zaccaria, F. D.
Angelis, L. Manna, S. Lupi, E. D. Fabrizio, and L. Razzari, Nano Letters 15, 386 (2014).
[16] S. V. Boriskina, H. Ghasemi, and G. Chen, Materials Today 16, 375 (2013), arXiv:1310.6949.
[17] D. Rodrigo, A. Tittl, O. Limaj, F. J. G. De Abajo, V. Pruneri, and H. Altug, Light: Science and Applications 6, 1 (2017).
[18] H. Hu, X. Yang, X. Guo, K. Khaliji, S. R. Biswas, F. J. García de Abajo, T. Low, Z. Sun, and Q. Dai, Nature Commu-
nications 10, 1 (2019).
[19] A. Woessner, Y. Gao, I. Torre, M. B. Lundeberg, C. Tan, K. Watanabe, T. Taniguchi, R. Hillenbrand, J. Hone, M. Polini,
and F. H. Koppens, Nature Photonics 11, 421 (2017), arXiv:1705.10317.
[20] K. Liu, C. R. Ye, S. Khan, and V. J. Sorger, Laser & Photonics Reviews 9, 172 (2015).
[21] W. L. Barnes, A. Dereux, and T. W. Ebbesen, Nature 424, 824 (2003).
[22] N. J. Halas, S. Lal, W.-s. Chang, S. Link, and P. Nordlander, Chemical Reviews 111, 3913 (2011).
[23] M. Jablan, H. Buljan, and M. Soljačić, Phys. Rev. B 80, 245435 (2009).
[24] F. J. G. De Abajo, ACS Photonics 1, 133 (2014), arXiv:1402.1969.
[25] H. R. Park, S. Namgung, X. Chen, N. C. Lindquist, V. Giannini, Y. Francescato, S. A. Maier, and S. H. Oh, Advanced
Optical Materials 3, 667 (2015).
[26] F. H. Koppens, T. Mueller, P. Avouris, A. C. Ferrari, M. S. Vitiello, and M. Polini, Nature Nanotechnology 9, 780 (2014).
[27] T. Low and P. Avouris, ACS Nano 8, 1086 (2014), arXiv:1403.2799.
[28] U. Celano and N. MacCaferri, Nano Letters 19, 7549 (2019).
[29] A. Principi, R. Asgari, and M. Polini, Solid State Communications 151, 1627 (2011).
[30] J. Chen, M. Badioli, P. Alonso-González, S. Thongrattanasiri, F. Huth, J. Osmond, M. Spasenović, A. Centeno, A. Pes-
quera, P. Godignon, A. Zurutuza Elorza, N. Camara, F. J. García, R. Hillenbrand, and F. H. Koppens, Nature 487, 77
(2012).
[31] Z. Fei, A. S. Rodin, G. O. Andreev, W. Bao, A. S. McLeod, M. Wagner, L. M. Zhang, Z. Zhao, M. Thiemens, G. Dominguez,
M. M. Fogler, A. H. Castro Neto, C. N. Lau, F. Keilmann, and D. N. Basov, Nature 486, 82 (2012).
[32] V. W. Brar, M. S. Jang, M. Sherrott, J. J. Lopez, and H. A. Atwater, Nano Letters 13, 2541 (2013).
[33] Z. Fang, S. Thongrattanasiri, A. Schlather, Z. Liu, L. Ma, Y. Wang, P. M. Ajayan, P. Nordlander, N. J. Halas, and
F. J. G. de Abajo, ACS Nano 7, 2388 (2013).
[34] H. Yan, T. Low, W. Zhu, Y. Wu, M. Freitag, X. Li, F. Guinea, P. Avouris, and F. Xia, Nature Photonics 7, 394 (2013).
9[35] G. X. Ni, A. S. McLeod, Z. Sun, L. Wang, L. Xiong, K. W. Post, S. S. Sunku, B.-Y. Jiang, J. Hone, C. R. Dean, M. M.
Fogler, and D. N. Basov, Nature 557, 530 (2018).
[36] I. H. Lee, D. Yoo, P. Avouris, T. Low, and S. H. Oh, Nature Nanotechnology 14, 313 (2019).
[37] I. Epstein, D. Alcaraz, Z. Huang, V.-V. Pusapati, J.-P. Hugonin, A. Kumar, X. M. Deputy, T. Khodkov, T. G. Rappoport,
J.-Y. Hong, N. M. R. Peres, J. Kong, D. R. Smith, and F. H. L. Koppens, Science 368, 1219 (2020).
[38] T. Maurer, P. M. Adam, and G. Lévêque, Nanophotonics 4, 363 (2015).
[39] “Comsol multiphysics R© v. 5.4,” (2018).
[40] E. J. C. Dias, D. A. Iranzo, P. A. D. Gonçalves, Y. Hajati, Y. V. Bludov, A.-P. Jauho, N. A. Mortensen, F. H. L. Koppens,
and N. M. R. Peres, Phys. Rev. B 97, 245405 (2018).
[41] S. Babar and J. H. Weaver, Appl. Opt. 54, 477 (2015).
[42] A. Bylinkin, E. Titova, V. Mikheev, E. Zhukova, S. Zhukov, M. Belyanchikov, M. Kashchenko, A. Miakonkikh, and
D. Svintsov, Phys. Rev. Applied 11, 054017 (2019).
[43] F. J. García de Abajo, Rev. Mod. Phys. 79, 1267 (2007).
[44] C. Wu, B. Neuner, G. Shvets, J. John, A. Milder, B. Zollars, and S. Savoy, Physical Review B - Condensed Matter and
Materials Physics 84, 1 (2011), arXiv:1104.3129.
[45] J. Zhang, W. Liu, Z. Zhu, X. Yuan, and S. Qin, Scientific Reports 6, 1 (2016).
